Strict environmental regulations have led to the rapid development of membrane separation technologies for the production of potable water, for industrial water supply, and for the reuse and discharge of treated wastewater. Promotion of water recycling and the provision of potable water from brackish water prevent significant negative effects on the environment and drinking water supplies. This study is intended to describe and compare a sustainable technology for brackish water treatment. Among the four configurations of the membrane distillation process, vacuum membrane distillation (VMD) produces higher flux and results in a low fouling rate. It comprises evaporation and condensation that mimics what occurs in nature. Mathematical models proposed for the VMD transport mechanisms are incorporated to predict the actual experimental flux. The response of the flux rate to various process operating parameters is demonstrated. Variation of effective parameters is investigated in terms of energy consumption. The data indicate that the permeate flux is highly responsive to the variation of pressure and temperature. VMD enables the removal of 99.9% of total dissolved solids from natural and contaminated water sources. The findings are that the quality of the permeate water from all sources was at acceptable standards for potable use.
INTRODUCTION
Treatment of brackish water from vital water supply sources is a common approach for fresh water production. In many countries, alternative sources of fresh water are groundwater and seawater. The quality and quantity of groundwater is equally important for a number of reasons. Most groundwater aquifers are subjected to severe stress due to excess pumping and this affects groundwater and surface water levels. The groundwater quality can deteriorate due to contamination from various diffused and point sources and this poses a serious concern. The physical and chemical water quality variation of groundwater is a function of geological formations and anthropogenic activities. Groundwater quality is greatly influenced by mineral ions from soil particles and sediment. Dissolved solids originating in the precipitated water are divided into three categories. Total dissolved solids (TDS) include major elements such as Na, Ca, Mg, HCO 3 , SO 4 , and Cl which comprise 1-1,000 mg/L TDS and Fe, K, CO 2 , F, and NO 3 which comprise 0.01-10 mg/L. Finally, trace components contribute the small amount of 0.0001-0.1 mg/L TDS. Seawater is a vast available resource for coastal cities, however, in some cases, a variety of land-based pollutants from industrial, domestic, and agricultural areas results in contamination of coastal waters. Seawater TDS content may vary from 7,000 mg/L in the Baltic Sea up to 45,000 mg/L in the Persian Gulf. The average concentration of the majority of seawater is 19,700 mg/L of Cl, 10,900 mg/L of Na, (surface mining and sub-surface mining), mine location, the mining process, and the source of the water. Conversely, underground mines require large amounts of water to be pumped from aquifers. The dominant cations and anions observed in mine drainage are Fe, Ca, Mg, CO 3 , Cl, and SO 4 . Therefore, the necessity to provide fresh water from contaminated water sources continues to receive much attention in the scientific community due to the inequity between supply and demand. The impacts on the environment and human health, and the search for solutions to mitigate these, have become the focus of a number of research initiatives. This is due to reasons such as social acceptance and community perception, health hazards, cost of production, population growth forecasts, and economic development. These interests provide opportunities for membrane distillation (MD) to be studied and developed as one solution to the problems.
MD is a thermally driven separation process, which uses hydrophobic porous membranes to separate a gaseous phase from the entry liquid (Qtaishat et al. ) . A negative pressure, or coolant flow, on the permeate side implies physical separation in all four configurations of MD, i.e., direct contact membrane distillation (DCMD), sweeping gas membrane distillation (SGMD), vacuum membrane distillation (VMD), and air gap membrane distillation (AGMD) (Alkhudhiri et al. ) . In recent years, there has been growing interest in desalination using VMD technology. Overall, 40.3% of the VMD publications up to December 2010 dealt with theoretical models (Khayet & Matsuura ) . The mechanism of mass and heat transfer in VMD has been critically developed in recent decades (Lawson & Sivakumar et al. b) in order to monitor the performance of VMD. However, very few papers have focused on the application of VMD in water treatment and the energy efficiency of this technology. VMD produces ultra-pure water as it rejects all non-volatile constituents such as ions, dissolved non-volatile organics, colloids, and pathogenic microorganisms. The VMD technique has a number of advantages over the other conventional MD techniques; perhaps, the most notable of these are the higher flux rate and the lower fouling rate compared to other MD configurations for the same operating conditions. Distilled water can also be produced at lower operating temperatures, resulting in lower operating costs (Safavi & Mohammadi ) . The liquid-vapor interface minimizes heat transfer losses within the VMD process and increases the rate of permeate flux; therefore, less energy is required to achieve similar flux rates, compared to other MD configurations and pressuredriven desalination processes (Mericqa et al. ) . Safavi & Mohammadi () investigated the energy consumption of a small scale VMD process for seven different configurations of pressure and flow rates at a constant temperature. It has been shown that efficient operation consumes 1.67 kWh/kg of energy to produce 9.6 kg/m 2 h of permeate flux. Specific energy has been varied from 1.70 to 3.96 kWh/kg for further operating configurations.
Application of VMD has been limited primarily to the extraction of volatile organic compounds from aqueous solutions and rarely to desalination. Li et al. () compared the permeate flux of a DCMD and a VMD process using a synthetic seawater solution. It was concluded that VMD permeated more distillate water than the DCMD process. The study was focused on different membrane applications and the quality and efficiency of the processes. A 5-month experiment with a pilot-scale VMD on a ship was conducted, and salt concentration was reduced to below 3 mg/L from the seawater source (Xu et al.  the flux to the operating parameters was studied, but the effect of these parameters on energy consumption and the quality of the permeate were not illustrated. VMD was used on reverse osmosis (RO) brines with a total concentration of 38.9 g/L, obtained from a plant located on the Mediterranean Sea (Mericq et al. ) . It was shown that the water recovery increased from 40 to 89%, and the brine was 7.6 times more concentrated. It was also observed that the permeate flux is rarely sensitive to temperature and concentration polarization even for the high salt concentrations.
The impact of membrane surface scaling on the decline rate of permeate flux was shown to be very limited. The effect of three different synthetic solutions with conductivity of 77.8, 106.4, and 149.3 mS/cm on the membrane fouling was monitored and the scaling components were determined.
Although the concentration of the major ions were measured in the feed solution, the quality of the permeate water was not discussed. What is missing from all of the above-mentioned research is an evaluation of the efficiency of VMD in terms of the permeate water quality and specific energy consumption in the desalination of seawater or the treatment of brackish or wastewater.
THEORETICAL BACKGROUND
Membrane characteristics play an important role in the rate of permeate flux. The hydrophobicity of the membrane, porosity, surface area in contact with feed solution, thermal stability of materials, pore size distribution, membrane thickness, and liquid entry pressure are all factors affecting VMD performance. A higher flux rate can be achieved by higher porosity, larger pore size, and suitable coating of the membranes. However, larger pore radius (r) reduces the critical entry pressure required for feed water to infiltrate the membrane pores. The pressure difference across the membrane (ΔP) is influenced directly by the surface tension of the feed solution and the cosine of the contact angle (φ) between the feed solution and the membrane surface. A decline of surface tension (γ) and contact angle will decrease ΔP, as shown in Equation (1). Conversely, the pore size must be small enough to prevent the penetration of the liquid feed and large enough to facilitate high mass transfer. Therefore, the ideal pore size is influenced by the membrane material and the characteristics of feed solution.
The concept of vapor flux and heat transfer through a hydrophobic membrane in VMD is illustrated in Figure 1 .
The feed-solution temperature (T f ) is decreased across the bulk media to the membrane feed-side temperature (T fm ) and the permeate-side temperature of the membrane (T pm ) is also decreased to the vapor temperature (T p ). The feed solution is passed on one side of the membrane and treated by a thermally driven separation process. Water molecules in a gaseous vapor state are transported through the microporous membrane. Mass transfer in VMD is accomplished by applying vacuum pressure at the permeate side of the membrane.
The heat and mass transfer mechanisms in VMD are described by the kinetic theory of gasses. A model or a combination of the Knudsen flow and the viscous flow explains mass transfer in VMD. The ratio of the mean free path of the transported vapor molecules, λ, to the diameter of the membrane pores, d, i.e., the Knudsen number
provides a guideline to determine the most accurate mechanism of mass transfer for the given operating conditions.
For a given diameter, the Knudsen number is obtained using the estimation of mean free path through Equation
where k B is the Boltzmann constant (1.381 × 10 À23 J/K), T is the absolute temperature, P is the mean pressure within the membrane pores and σ is the collision diameter (2.641 Å for water vapor). For a membrane with small pores (K n > 1), molecule-pore wall collisions are more frequent. The Knudsen diffusion model expressed in Equation (3) ). The number of molecules passing through a pore is directly proportional to the driving pressure of the gas and inversely proportional to its molecular weight.
where N w is the molar flux (mol/m 2 .s), ΔP (Pa) is the pressure difference between the partial pressure of the solution and the absolute vacuum pressure, R is the gas constant (8.31 J/mol.K), δ is the membrane thickness (m),
T fm indicates temperature at the feed side of the membrane surface, M w is the molecular weight of water (18.01528 g/mol) and K, the Knudsen diffusion constant (m) can be expressed by Equation (4) as follows:
where ϵ is the membrane porosity, r is the average of the pores radius (m), and τ is the membrane tortuosity, which is the ratio of the pore thickness to the actual molecular flow path through the pore. By determining the vapor temperature at the feed side of the membrane, the vapor flow rate is estimated using a value for the molar flux rate. The mass flow rate, _ m v (kg/s) of vapor through membrane pores is calculated using Equation (5).
where A m is the total membrane surface area (m 2 ). The vapor temperature at the feed side of the membrane is derived using Equation (6) T
where the latent heat of vaporization of the water, H v (J/kg), Prandtl number. The feed-water heat transfer coefficient is derived using Equation (7).
where k T is the thermal conductivity of the feed solution (W/m.K). (8) The curvature of the liquid-vapor surface is assumed to have negligible effect in this equation. The saturation pressure is modified by the TDS concentration of the feed solution. Partial pressure, p w (Pa) is expressed by Equation (9),
where x w is the water mole fraction derived from the concentration of salts in water and a w is the activity coefficient of water, which is derived by Equation (10) (Lawson & Lloyd ).
where x NaCl is the sodium chloride (NaCl) mole fraction.
Viscous flow rises for a membrane with large pores (K n < 0.01), so that the molecule-molecule collision is dominant. In this case, Equation (11) 
where P ave is average partial pressure (Pa) and μ is dynamic viscosity (Pa.s).
In the transition region (0.01 < K n < 1), both moleculemolecule and molecule-pore wall collisions have to be considered. In addition, surface diffusion is negligible for membranes with a pore size >0.02 μm due to the fact that pore area is significantly larger than the surface-diffusion area. The Dusty-Gas model was developed in the transition region to describe VMD performance (Guijt et al. ) .
Equation (12) is based on the assumption of both molecule-pore wall and molecule-molecule interactions.
where R out and R in are outer and inner radius of the hollow fiber (m), respectively, v m is mean molar gas velocity (m/s), and B is the viscous flow morphology parameter (m 2 ) derived by Equation (13).
The Knudsen-viscous type of diffusion in the transition region for describing mass transfer through a porous membrane in VMD was proposed as Equation (14) (Khayet ) .
A new model presented in Equation (15) has also been recently developed for the Knudsen-viscous flow diffusion transition mechanism. The model combines viscous flow and Knudsen diffusion (Zhang et al. ) .
where b is the thickness of the membrane (b ¼ R in ln(R out / R in )).
The main difference in the models presented in
Equations (12), (14), and (15) is the definition of the membrane thickness. It is specified as a simple thickness of the membrane given by the manufacturer or the log form of inner and outer diameters. In addition, Equation (15) 
EXPERIMENTS
The experimental arrangement of VMD using a commercial tubular membrane at a laboratory scale is shown in Figure 2 . 
DISCUSSION OF RESULTS

Mass transfer
The effect of vacuum pressure was investigated by decreasing the absolute pressure of the permeate side from 20 to 7 kPa and running the system at various vacuum intervals within this range while all other parameters remained constant.
Feed-water temperatures from 45 to 65 W C were selected in steps of 5 W C, as temperature above the maximum value was considered not only as detrimental to the membranes, but also as requiring more energy for heating. Conversely, high vacuum pressure is necessary to evaporate feed water at low temperatures, which also results in higher energy consumption. Feed-water flow rate increased from 0.5 to 6.90 L/min while other variable parameters were kept constant to monitor the variation of the permeate flux.
The results of the flux variation with vacuum pressure, feed-water temperature, and flow rate are illustrated in implemented as presented in Figure 3 (e). The results show that the experimental data agree well with the modeled permeate flux (Equation (14)). Experimental data from the literature using distilled water as a feed for VMD (Khayet & Matsuura ) are combined in Figure 3 (e). The small difference between the experimental data and the model (Equation (14)) at high temperatures is due to the expansion of the membrane material. Equation (15) uses the smallest value for the membrane thickness, and this predicts higher values for permeate flux. The higher value for the Knudsen diffusion term also demonstrates this, especially at higher temperatures. In addition, experimental 
Specific energy consumption
The energy efficiency of the VMD process was investigated during the swimming pool salt-water treatment. The energy required for the vacuum pump, circulation pump, and water bath circulator was measured using a power meter for each test. Figure 5 shows the variation of specific energy consumption versus permeate flux, including and excluding heat energy. Since 1 kg permeate water was obtained in a shorter time at a higher flux rate, the specific energy consumption was reduced with increase in the flux.
It was noted that the specific energy consumption reaches a relatively constant value at a high permeate flux rate when excluding heat energy (Sivakumar et al. a) . The specific energy consumption of VMD reduced as the flow rate increased. However, the variation was negligible compared to that with pressure and temperature fluctuations.
The higher flux rate, due to lower absolute permeate-side pressure, decreases the energy consumption. However, a higher flux rate due to greater temperature increases the specific energy consumption. Therefore, it is suggested that VMD should be operated at a lowest absolute pressure while the heat energy is provided by another source of energy. Safavi & Mohammadi () reported an energy consumption rate of 3.05, 2.29, and 1.67 kWh/kg for the VMD process with a flux of 9.6, 6.9, and 4.7 L/m 2 .h, respectively, when operated at a permeate pressure of 10-12 kPa, with feed water set at 55 W C. These results are shown in Figure 5 . The discrepancy between previous results and the results of this study is attributed to the difference in the membrane areas. A 4 cm 2 flat sheet membrane was used in the study presented. This means that the membrane area of the VMD process has to be larger in order to improve energy consumption (Cabassud & Wirth ) .
Water quality analysis
The efficiency of VMD was investigated by the treatment of groundwater, seawater, mine-water effluent, and swimming pool salt water. The measurement of flux at various intervals shows that the initial flux was below the modeled clean water flux. The flux decreased 6.8%, 6.1%, 5.3%, A more detailed analysis of water quality parameters for swimming pool salt water is presented in Figure 6 for the 65 permeate samples. 
CONCLUSION
This study has shown that VMD can satisfactorily turn brackish water from four different sources into potable water. VMD was shown as an effective technology that has the potential to be as important as current pressuredriven membrane desalination because of its specific energy consumption. VMD processes can be carried out using a large membrane area, a requirement which is easy to meet.
Variation in the permeate flux was investigated under various operating conditions. Each of the parameters (feed-water temperature, salinity, flow rate, and vacuum pressure) was varied independently and the corresponding flux rate recorded. These values were then compared to the theoretically predicted values for the same operating conditions. It was found that vacuum pressure was the most influential parameter, followed by feed-water temperature, flow rate, and finally salinity. A maximum flux rate of 6.44 L/m 2 .h was achieved at a feed-water temperature of 65 W C, flow rate of 6.90 L/min, and pressure of 7 kPa on the permeate side.
The energy consumption of VMD was measured for each test. A higher flux rate due to a higher vacuum pressure was advantageous for increasing flux in an energy efficient manner. The specific energy consumption of the VMD process is directly related to the area of the membrane. It was concluded that a larger membrane area will reduce the specific energy consumption under the same operating conditions.
The VMD process was successfully implemented for desalinating and treating brackish water so that it could reach acceptable standards. The treatment capability of VMD is such that potable water can be produced from a variety of saline, brackish, and contaminated water sources. 
